The purpose of this review is to, first, determine the static factors that affect the length of the human trachea across different populations and, second, to investigate whether or not there are dynamic factors that cause the length of the human trachea to vary within the same individual. We also investigated whether these changes in tracheal length within the same individual are significant enough to increase the risk of endobronchial intubation or accidental extubation. A PubMed/MEDLINE and a Web of Science database English-language literature search was conducted in May 2016 with relevant keywords and MeSH terms when available. We found that gender, extremes of age, patient height, postsurgical changes and co-existing disease are static patient factors that affect the length of the human trachea. Dynamic clinical changes that occur under anaesthesia, including Trendelenburg position, head and neck flexion and extension, paralysis of the diaphragm and pneumoperitoneum, cause the trachea to act as an accordion, decreasing and increasing its length. The length of the human trachea in both awake and anaesthetised and paralysed patients is a critical consideration in preventing both endobronchial intubation and tracheal extubation. It is clear from the literature that tracheal length varies widely across populations and, additionally, with the dynamic clinical changes that occur under anaesthesia, the trachea acts as an accordion decreasing and increasing its length within the same individual. Knowledge of the magnitude of the change in tracheal dimensions in response to these factors is an important clinical consideration.
Introduction
Appropriate depth of placement of endotracheal tubes (ETT) as part of a general anaesthetic is an almost daily consideration for the anaesthesiologist. The trachea has a variable length across different populations. On the other hand, the portion of the ETT inclusive of the ETT cuff that is advanced past the vocal cords has a fixed length and when advanced to an inappropriate depth can lead to a number of complications. An inadequately advanced ETT can result in accidental extubation with its attendant complications as well as cuff placement within the larynx and cricoid cartilage with associated nerve injury, laryngeal oedema and fractures, and stenosis of the larynx and trachea [1] [2] [3] [4] . An ETT advanced too far distally into the trachea can result in endobronchial intubation with its attendant complications including volutrauma and barotrauma, lung collapse, hypoxia, hypercarbia, and even complete haemodynamic collapse [5] [6] [7] [8] .
The purpose of this review is to, first, determine the static factors that affect the length of the human trachea across different populations and, second, to investigate whether or not there are dynamic factors that cause the length of the human trachea to vary within the same individual. We also investigated whether these changes in tracheal length within the same individual are significant enough to increase the risk of endobronchial intubation or accidental extubation. Only the risk of these complications is assessed in this review; the incidence is not reported. A change in tracheal length or ETT position within the trachea of as little as 3 mm was determined to be significant. Three millimetres was used because the bevel of a 7.0 mm internal diameter ETT is 6 mm from proximal to distal tip. A change of 3 mm would cause the bevel of an ETT placed just above, but in contact with, the carina to become 50% occluded markedly reducing oxygenation and ventilation and increasing airway resistance.
A number of confirmatory measures have been proposed to ensure correct placement of an ETT within the trachea from simple bilateral lung auscultation to confirmation with fibreoptic bronchoscopy [9] [10] [11] [12] [13] . In the setting of a busy clinical practice, even basic confirmatory measures can be marginalised or even ignored. Because the signs of endobronchial intubation and some degree of accidental extubation can be subtle and not obvious, but the consequences always potentially great, it is always important to understand the factors increasing the risks of these complications occurring in certain population groups or with certain intraoperative interventions. Being attuned to the factors that increase the risk of endobronchial intubation increases anaesthesia provider vigilance and lowers the threshold to quickly diagnose and intervene when the nonspecific signs of endobronchial intubation present themselves.
Methods
To identify the relevant literature, a PubMed/MEDLINE and a Web of Science database English-language literature search was conducted in May 2016. The following keywords, with corresponding MeSH terms whenever available, were used: 'head flexion', 'head extension', 'neck flexion', 'neck extension', 'carina', 'endotracheal tube', 'displacement', 'malposition', 'migration', 'endobronchial', 'vocal cord carina distance', 'lengthening', 'shortening', 'pneumoperitoneum', 'Trendelenburg position', 'prone', 'trachea', 'trachea(l) length', 'trachea(l) dimensions', 'anaesthesia', 'tracheal lengthening', 'computed tomography (CT)', and 'magnetic resonance imaging (MRI)'. The bibliographies for all retrieved articles were scanned for additional sources.
Any papers that reported the length of the trachea as measured by computed tomography (CT), magnetic resonance imaging (MRI), or fibreoptic bronchoscopy (FOB) were determined to be relevant. Any papers that reported changes in tracheal length or changes in the endotracheal tube tip to carina distance as measured by CT, MRI, or FOB after an intervention (e.g. changes in positioning or operative conditions) were determined to be relevant. Any literature that used plain radiographs or post mortem specimens to determine tracheal lengths was excluded. Manikin studies and animal data were also excluded.
Results
A total of 1,646 papers were identified by the search parameters described above. Of these, 1,260 were determined to not be relevant based on the criteria above. Another 332 were not included based on the exclusion criteria above, yielding a total of 54 publications that were determined to be relevant and meet the inclusion criteria. These papers describe tracheal length as a function of several static factors including patient race, gender, age, and height. In addition the effect of coexisting disease and postsurgical changes on tracheal lengths are reported. Changes in tracheal lengths as a function of several interventions including head and neck position, surgical positioning, pneumoperitoneum, and other interventions are also described. (Table 1) Measurements of tracheal lengths in awake patients have often been based on radiographic studies that use anatomic landmarks to identify approximate vocal cord location and thus measurement of exact vocal cord to carina (VC-CA) distances are not reported 14, 15 . Plain radiographs suffer from several limitations including magnification by divergence of the X-ray beam, lack of standardisation of body and head positioning, and inability to view the anatomy in multiple planes. Studies using CT or MRI are able to obtain more exact measurements but surprisingly few CT and MRI studies have been reported and most have focused on unique aspects of tracheal morphology such as the growing trachea, the angle of the tracheal bifurcation, or bronchial morphometry and not absolute tracheal lengths [16] [17] [18] [19] [20] [21] . However, in 2009 Kamel et al performed CT measurements of tracheal lengths in 60 awake patients (aged 22-88 years, 40 males) using standardised breath-holding techniques and positioning in patients with no intrathoracic pathologies 22 . They measured tracheal length as the distance from the first axial slice below the cricoid cartilage to the first axial slice showing the complete anteroposterior mucosal ridge of the carina. They found an average length of 10.5 ± 1.0 cm in males (range 8.6-12.4 cm) and 9.8 ± 0.9 cm in females (range 7.9-12.3 cm) yielding an average difference of 0.7 cm in tracheal length between the sexes (all values presented as mean ± standard deviation [SD], P <0.01). Their data was obtained in a New Zealand population that was not subdivided by race.
Static patient factors: race and gender
A CT study of 2,107 adult Chinese patients (aged 18-89 years, 1,143 males) by Weidong et al, also investigated tracheal lengths using standardised breath-holding methods in patients without thoracic pathology or previous surgery 23 . They also measured tracheal length as the distance from the lower border of the cricoid cartilage to the first axial slice showing the complete anteroposterior mucosal ridge of the carina. They found an average tracheal length of 10.8 ± 1.3 cm in males and 10.1 ± 1.3 cm in females yielding the same 0.7 cm average difference in tracheal lengths between genders found in the Kamel et al study (P <0.001) (see Table 1 ).
Under anaesthesia, VC-CA distances can be measured directly with FOB and this has been done in several subsets of populations. A study in Caucasian males found a VC-CA distance of 12.7 ± 1.6 cm 24 . A study in the Thai population found a VC-CA distance of 13.0 ± 1.5 cm in males and 11.6 ± 1.3 cm in females (P <0.05) 25 . A VC-CA distance of 13.1 ± 1.6 cm in males and 11.2 ± 1.5 cm was measured in a Taiwanese population (P <0.001) 26 . A study in a Chinese population found a VC-CA distance of 13.4 ± 1.3 cm in males and 12.0 ± 1.2 cm in females yielding a statistically significant difference between the genders (P <0.0001) 27 . Thus, in the anaesthetised Thai, Taiwanese, and Chinese populations studied, the difference between the average male and female tracheal length was 1.4, 1.9, and 1.4 cm, respectively (see Table 1 ). Across the four different male populations studied, average tracheal length varied by 0.7 cm (12.7-13.4 cm). In the three female populations studied, tracheal length varied by 0.8 cm (11.2-12.0 cm) (see Table 1 ). The difference between the tracheal lengths measured with FOB in anaesthetised populations and the tracheal lengths in the two CT studies can be attributed to the fact that the FOB studies are measuring a VC-CA distance yielding a longer airway measurement (by 1.1-2.9 cm among the same gender) than the true anatomical tracheal length measured from the lower border of the more distal cricoid cartilage to the carina in the CT studies.
In all studies, average tracheal lengths in adult males are greater than in adult females which can, in part, be explained by the inherent difference in stature between genders. It appears, however, that this inherent difference in stature is only part of the explanation for the sexual dimorphism in tracheal lengths. In both CT studies, it was found that the increased tracheal length in men was out of proportion to differences in height between genders and persisted when differences in stature were controlled 22, 23 . Several studies have found that male and female infants and prepubertal boys and girls have similar tracheal dimensions when height is controlled 17,28-32 . Griscom and Wohl found that the similarity in tracheal lengths between male and female subjects persists into the teenage years 33 . The difference in tracheal length between genders appears to be at least somewhat attributable to post-pubescent changes 17, 22, 23, [32] [33] [34] . Based on the studies available, it is unclear if race, as an independent variable, affects tracheal length.
Static patient factor: age
As expected, multiple studies have found that tracheal length increases with increasing age in the paediatric population 17, [28] [29] [30] [31] [32] [33] 35 . This difference is attributed to the increase in stature. In infants, variations in tracheal length are more closely related to body weight than either age or height 21, 30 .
In the adult population, only one study has identified age as being correlated with a change in tracheal length. In the CT study of 2,107 adult Chinese patients by Weidong et al, they subdivided patients into 10-year age groups and found approximately a 10% decrement in the tracheal length in the 70-79, and 80-89 year-old age groups when compared to all other 10-year age groups (P <0.001) 23 . These two age groups were the oldest in the study and, other than these two groups, no other 10-year age group had a statistically significant difference in tracheal length compared to any another. Croteau et al found decreased tracheal compliance and elasticity with age in a cadaver study 36 , however, no measurements of age-related changes in tracheal compliance and elasticity in vivo exist.
Static patient factor: height
It is intuitively obvious that over wide ranges of height in patients, tracheal length correlates with patient height. This is abundantly clear in the paediatric population where wide ranges in patient height exist 17, 21, [30] [31] [32] [33] [34] . In the adult population, the ranges in height are not as dramatic and the correlation between patient stature and tracheal length reported in studies is not as strong, but does exist 22, 23, [25] [26] [27] 37 . Accordingly, some studies have attempted to correlate appropriate depth of ETT placement with patient height 26, [38] [39] [40] . One study recommends a formula of "(height in cm/5)-13" to determine the depth of ETT placement in cm at the right corner of the mouth 7 . Another study in an Indian population recommends a depth of ETT placement equal to "(height in cm/7)-2.5" cm 38 . Studies in the Thai population found that the 'Chula formula' of "4 + (height in cm/10) cm" for orotracheal tube depth at the teeth resulted in appropriate endotracheal tube placement in 99 out of 100 patients and a formula of "9 + (height in cm/10) cm" for nasotracheal tube depth at the nares resulted in appropriate endotracheal tube placement in 93 out of 100 patients 39, 40 . Appropriate tube placement in these Thai studies was defined as ETT tip greater than 2 cm above the carina and cuff placement at least 2 cm past the vocal cords.
Static patient factors: coexisting disease and postsurgical changes
Nearly all studies of the length of the human trachea exclude patients with coexisting intrathoracic or pulmonary pathology, previous intrathoracic surgery, or musculoskeletal abnormalities of the thoracic cage in order to avoid confounding variables. However, a study by Leader et al examined the size and morphology of the trachea using CT studies in 43 patients with severe emphysema before and after lung volume reduction surgery 34 . Their study examined only the intrathoracic trachea, which was defined as beginning at the level of the lateral aspect of the right first rib because "this would be the most superior region in which thoracic pressure would be reflected on the lung, and, consequently, the trachea". The trachea was defined as ending with the first axial slice showing the median between the tracheal bifurcation. There was a statistically significant decrease in tracheal length three months after lung reduction surgery in the study population with 40 of the 43 study patients having a decrease in tracheal length postoperatively. The average pre-surgical intrathoracic tracheal length among all patients was 7.86 ± 1.69 cm and the average postsurgical intrathoracic tracheal length was 6.75 ± 1.58 cm (P <0.05). They also found that the length of the trachea was positively correlated with the total lung capacity (TLC) and residual volume (RV) and negatively correlated with forced expiratory volume in one second (FEV 1 ) both before and after lung reduction surgery. Patients with greater tracheal lengths had greater TLC and RV values and lower FEV 1 values preoperatively and the reduction in tracheal lengths postoperatively correlated with a reduction in the measured postoperative TLC and RV and higher FEV 1 values. It is thought that the decrease in lung volume postoperatively may have resulted in a change in pleural and transpulmonary pressures, altering the influence of those pressures on tracheal morphology leading to a decrease in tracheal length. Additionally, the elevated total lung capacity of patients with severe emphysema causes inferior depression of the diaphragm thus potentially increasing the length of the trachea. This inferior depression of the diaphragm is alleviated with lung volume reduction surgery and this is another likely mechanism for the postsurgical reduction in tracheal lengths. Although literature quantifying the effect of other disease states on tracheal lengths does not exist, it is very likely that tracheal lengths are affected by other intrathoracic pathologies, pulmonary disease, and postsurgical changes.
Dynamic clinical factors: head and neck flexion and extension
Changes in head and neck position are well documented to result in displacement of single-lumen ETTs with head and neck flexion and extension resulting in caudad and cephalad ETT migration, respectively [41] [42] [43] [44] [45] [46] [47] [48] [49] . The reported magnitude of shortening in distance between the ETT tip and the carina (ETTTip-CA) with head and neck flexion in adults ranges in these studies [41] [42] [43] [44] [45] [46] [47] [48] [49] from a mean of 0.6 cm 43 to a mean of 1.5 cm 41 . The increase in ETTTip-CA distance in adults with head and neck extension has been reported to range from a mean of 0.6 cm 43,44 to a mean of 2.7 cm 47 . Head rotation has been shown to have bidirectional and minimal effects on ETTTip-CA 43, 44 . Jin et al attempted to correlate the degree of cephalad ETT migration and the increase in thyromental distance that both occur with neck extension but found that the increase in thyromental distance did not correlate with the degree of tube migration 47 .
Saito et al found that double-lumen tubes also migrate within the trachea and mainstem bronchi during neck flexion and extension 50 . They report that from full neck flexion to full neck extension and vice versa, the proximal and distal tube tips migrate caudad and cephalad a mean ± SD distance of 2.8 ± 0.6 cm (range 1.0-3.5 cm) and 2.7 ± 0.6 cm (range 1.5-3.5 cm) respectively (no P value reported).
Wong et al have demonstrated that the increase in ETTTip-CA in going from head and neck flexion in the supine position caused by a 10 cm head pillow to head and neck extension in the supine position with no head pillow is primarily due to elongation of the trachea 45 . Their study specifically investigated the distances between the upper incisors and vocal cords (UI-VC), the vocal cords and the sternal notch (VC-SN), the sternal notch and the carina (SN-CA), the upper incisors and carina (UI-CA), and the vocal cords and carina (VC-CA) as the head is extended (see Figure 1 ). They found that with change from head and neck flexion on the 10 cm head pillow to head and neck extension with no head pillow, the VC-CA and UI-CA distances increased significantly (1.6 ± 0.7 cm and 2.0 ± 0.70 cm, respectively [P <0.001]).
Their results show that VC-SN comprises 40% of the VC-CA distance but accounts for 90% of the lengthening of the UI-CA distance when going from head and neck flexion to head and neck extension. Since the VC-SN segment is entirely within the neck, it is the only segment of the trachea exposed to the action of the neck muscles and to have flexion, extension, lateral and rotary mobility. We hypothesise that the reason the VC-SN segment of the trachea is responsible for 90% of tracheal lengthening on head and neck extension is due to the muscle-induced mobility of the VC-SN tracheal segment. Furthermore, we agree with Wong et al that with the proximal end of the ETT anchored at the mouth and with the VC-SN segment lengthening and shortening during neck extension and flexion, respectively, it is a logical consequence for the ETT to ascend and descend and move away and towards, respectively, the carina.
Based on a 2015 study by Sharma et al, it appears that the cephalad migration of the ETT during neck extension is magnified by static patient factors including larger body mass index (BMI) and shorter thyromental distance 8 . They studied 30 patients undergoing thyroidectomy and found an increase in the ETTTip-CA distance of 0.72 ± 0.56 cm with neck extension (P value not reported). Patients with a higher BMI had a statistically significant greater amount of cephalad ETT displacement with neck extension than those with lower BMI. Additionally, a statistically significant greater amount of cephalad ETT displacement with neck extension was seen in those with a shorter thyromental distance.
The effect of head and neck movement on ETT position in the paediatric population has been well-studied 35, 46, [51] [52] [53] [54] [55] [56] . Initial reports quantifying ETT migration with head and neck flexion in the paediatric population were in case report format. A 1994 report in a 12-month-old burns patient found a 2.7 cm displacement of the ETT tip seen on chest X-ray films going from full neck flexion and to full neck extension 52 . A subsequent 1996 study using FOB in 10 children between the ages of 16-19 months found an average ETT tip migration toward the carina of 0.9 cm with neck flexion and 1.7 cm towards the vocal cords with neck extension (P <0.05) 53 .
A 2008 study of 128 children aged one to eight years by Jordi Ritz et al using FOB documented that not only does the ETTTip-CA distance change with head and neck flexionextension, but that this change is indeed due to elongation and shortening of the trachea with head and neck extension and flexion, respectively 35 . The degree of tracheal elongation and shortening varied greatly by age but the trend was significant and consistent across all ages (P <0.001) (see Figure 2 ). They found that the magnitude of shortening or elongation of the ETTTip-CA distance was a function of patient size which correlated with the ETT size selected for each patient (see Table 2 ). In patients with a 3.5 mm internal diameter (ID) ETT, neck flexion and extension resulted in a 0.5 cm ETTTip-CA shortening and elongation, respectively. In children with a 4.0 mm ID ETT, neck flexion resulted in an 46 . They found an average VC-CA distance of 7.97 ± 0.85 cm that increased to 8.92 ± 0.90 cm with neck extension resulting an elongation of the trachea of 0.95 ± 0.43 cm or approximately 12% of the neutral position tracheal length (P <0.05). These changes resulted in an increase in the ETTTip-CA distance of 2.02 ± 0.58 cm (P <0.05). The increase in the ETTTip-CA distance of approximately 2 cm in the setting of a tracheal elongation of 1 cm reported in this study suggests that VC-CA elongation only accounts for a portion of the change in ETTTip-CA distance. The distance from where the tube is secured to the vocal cords must also increase as well.
Similar to the results of the FOB studies presented, two radiographic studies in paediatric populations also found that neck flexion and extension result in shortening and lengthening of ETTTip-CA distances, respectively 54, 55 . Weiss et al reported that in 100 children aged 10 days to 16 years (average 5.1 years), with the head and neck in neutral position, the ETT occupied an average of 53.4% (range 38.8%-74.6%) of the total tracheal length. In 30 degree headneck flexion and extension, the ETT occupied 65.3% (range 43.9%-88.1%) and 42.5% (range 27.9%-59.8%) of the total tracheal lengths, respectively (P values not reported) 54 . Weiss Table 2 Average et al also found that the magnitude of change in the ETTTip-CA distances with head and neck flexion and extension was a function of the age and height of the patient (see Figure 3 ). Olufabi et al studied ETTTip-CA distances with head and neck flexion and extension in 45 children aged two weeks to 14 years who were all intubated both nasally and orally 55 . They divided these patients by weight into three groups with 15 patients in each group; Group 1 weighed 0-10 kg, Group 2 weighed 10-20 kg, and Group 3 weighed more than 20 kg. In patients intubated nasally, head and neck extension increased the ETTTip-CA distance by a mean (SD) of 3.5 (3.6), 9.5 (7.0), and 7.2 (5.1) mm in Groups 1, 2, and 3, respectively, while head and neck flexion in the same patients shortened ETTTip-CA distance by 6.3 (6.0), 8.6 (4.7), and 11.5 (3.8) mm. In patients intubated orally, head and neck extension increased the ETTTip-CA distance by a mean (SD) of 6.5 (6.0), 14.2 (4.8), and 13.8 (7.2) mm in Groups 1, 2, and 3, respectively, while head and neck flexion in the same patients shortened ETTTip-CA distance by 1.9 (9.2), 10.3 (0.1), and 10.1 (0.2) mm. All results were statistically significant except the ETTTip-CA shortening with head and neck flexion when Group 1 was intubated orally (P <0.001). Rost et al studied ETT displacement with FOB in the low birth weight (LBW) neonatal population and found that, just as in the adult and other paediatric populations, the ETT moves caudad with neck flexion and cephalad with neck extension 51 . In their study of eight LBW infants, they found an average displacement of 0.31 ± 0.17 cm with neck flexion and 0.74 ± 0.52 cm with neck extension (P <0.05).
change in the distance between the endotracheal tube tip and the carina in adults as reported by studies that found a significant change in this distance with the intraoperative interventions listed

Dynamic clinical factors: pneumoperitoneum and Trendelenburg position
Trendelenburg position was first reported to decrease the ETTTip-CA distance and tracheal length in anaesthetised patients in The Lancet in 1969 57 . Subsequent studies 43, [58] [59] [60] [61] that have found that between 10 and 30 degrees of Trendelenburg positioning, as an independent variable, results in an average shortening in the ETTTip-CA distance that ranges from 0.3 cm 58 to 0.6 cm 59 . No studies have been performed comparing the VC-CA distance in the upright versus the supine position in the same patient.
Several studies have documented a decrease in the ETTTip-CA distance during abdominal insufflation 58,61-65 . One study found a statistically significant decrease in the ETTTip-CA distance of 0.7 ± 1.4 cm (P <0.05) in the supine position with abdominal insufflation of carbon dioxide to a pressure of 15 cmH 2 O resulting in endobronchial intubation in eight of the 30 patients studied 58 . A Japanese study of 10 patients found an average decrease in the ETTTip-CA distance of 1.1 ± 0.4 cm with 10 mmHg carbon dioxide abdominal insufflation in the supine position (P <0.005) 64 . A 1996 investigation found an average initial ETTTip-CA distance of 3.4 ± 0.6 cm decreased significantly to 2.6 ± 0.9 cm after initiation of 10 mmHg carbon dioxide insufflation (P <0.005) 61 . A study in Some studies have looked at the combined effect of both pneumoperitoneum and the Trendelenburg position on tracheal dimensions. These studies have found that the ETTTip-CA distance decreases significantly both with pneumoperitoneum alone and pneumoperitoneum with Trendelenburg positioning [58] [59] [60] 66, 67 . The studies that tested the effects of pneumoperitoneum and Trendelenburg position alone prior to studying the combined effect have found that, while both cause a statistically significant decrease in ETTTip- CA distance, pneumoperitoneum causes the greater decrease in ETTTip-CA distance of the two interventions and both interventions together cause a greater ETTTip-CA decrease than either intervention alone 58, 60, 66, 67 .
One study examined both the change in ETTTip-CA distance and the change in tracheal length (as measured by VC-CA distance with FOB) with pneumoperitoneum and Trendelenburg positioning 66 . They found that 12-14 mmHg of carbon dioxide pneumoperitoneum and 15 degrees of Trendelenburg positioning in 23 patients undergoing laparoscopic gynaecologic surgery caused an average decrease in the ETTTip-CA distance of 0.9 ± 0.3 cm and a decrease in the VC-CA distance of 0.4 ± 0.2 cm (P <0.05). The change in VC-CA accounted for 50% of the decrease in the ETTTip-CA distance.
A study that examined the effect of pneumoperitoneum (12-14 cmH 2 O) and Trendelenburg position (15 degrees) on changes in ETTTip-CA distance with time in 50 patients found an initial average ETTTip-CA distance of 3.0 ± 1.4 cm decreased initially to 2.9 ± 1.4 cm with initiation of Trendelenburg position without abdominal insufflation (nonsignificant change). The ETTTip-CA distance decreased further to 2.0 ± 1.5 cm after five minutes of pneumoperitoneum and then to 1.7 ± 1.6 cm after 25 minutes (P <0.01) 60 .
Not all studies investigating pneumoperitoneum and Trendelenburg position have found a difference in tracheal length or ETTTip-CA distance with these interventions 43, 68, 69 . In a study of 30 total patients, with 15 below the age of 60 years and 15 patients over the age of 70 years (no patients aged 60-70 years), there was no significant change in the ETTTip-CA distance following 6-8 mmHg of intra-abdominal pressure (using carbon dioxide) with Trendelenburg position in the younger patient group 68 . The elderly group, however, did have a significant change in ETTTip-CA distance with the distance changing from 2.16 ± 0.82 cm before the intervention to 1.50 ± 1.0 cm after the study intervention (P=0.022). The difference between the younger group and the elderly group was statistically significant (P=0.038). A study investigating 12-15 mmHg CO 2 insufflation combined with 10 degrees of Trendelenburg in 30 patients undergoing laparoscopic hernia repair found no significant change in ETTTip-CA distance after these interventions; the ETTTip-CA distance was 4.0 ± 0.13 cm before and 3.9 ± 0.10 cm after the test interventions (P=0.09) 69 .
Only one study has looked at the effect of Trendelenburg position and abdominal insufflation on the ETTTip-CA distance in the paediatric population 67 . This study enrolled 46 children whose ETTTip-CA distance after intubation was measured with Trendelenburg position alone, pneumoperitoneum alone, and the combination of Trendelenburg position and pneumoperitoneum. With Trendelenburg position alone, the ETTTip-CA distance decreased a median of 13% (range 0%-25%), with pneumoperitoneum alone the ETTTip-CA distance decreased a median of 20% (range 4%-50%), and with the combination of Trendelenburg position and pneumoperitoneum the ETTTip-CA distanced decreased 27% (range 11%-70%), (no P value reported). Table 2 shows the average in ETTTip-CA distance in adults involving all the clinical interventions cited in the sections above. Using the largest negative values in Table  2 and assuming the effects are additive, it can be seen that in a patient with a single-lumen tube in situ, who has the head flexed and is in the Trendelenburg position with pneumoperitoneum, the ETTTip-CA distance shortens by 3.2 cm.
Dynamic clinical factors: other position changes and other interventions
In addition to the position changes and interventions discussed, there are studies of changes in ETTTip-CA distances with changes to lithotomy and prone positions as well as with placement of a mouth gag and tongue blade 9, 53, 70, 71 . It was found that in two out of 30 study patients (7%) with an ETView™ tracheoscopic ventilation tube (ETView TM , ETView Medical Ltd, Misgav, Israel) providing a continuous view of the carina and tube position within the trachea, a change from the supine to lithotomy position resulted in greater than 1 cm tube advancement such that the carina was no longer visualised (only this endpoint was reported) 9 . A change from the supine to the prone position in another study resulted in an increase in the ETTTip-CA distance of 0.59 ± 1.56 cm (P <0.05) 71 . Patients undergoing oral and maxillofacial surgery placed in neck extension had a 1.2 cm increase in ETTTip-CA distance that increased an additional 1.6 cm to 2.8 cm when a mouth gag was placed (no reported P value) 70 . Another study found that placement of a tongue blade resulted in an average reduction of the ETTTip-CA distance of 1.2 cm towards the carina (P <0.05) 53 . However, none of these studies report controlling for changes in head and neck position or intra-abdominal pressure that may affect ETTTip-CA distance and the length of the trachea and thus it can not be concluded that these interventions by and of themselves reliably affect ETTTip-CA distance or tracheal length. There are likely other interventions that will affect ETTTip-CA distance and tracheal length but they all likely share the common mechanism of changes in head and neck positioning resulting in tracheal shortening or elongation and/or increased intra-abdominal pressure resulting in cephalad pressure on the diaphragm. Finally, practitioners should be aware that there are intraoperative events that can alter the ETTTip-CA distance independent of any action upon the tracheal accordion. For example, tongue swelling in an already intubated patient uniquely causes ETTTip-CA to increase and may result in extubation. With an in situ ETT proximally fixed by firm taping at the mouth, tongue swelling causes the ETT to take a greater radius of curvature in the oropharynx (the ETT is pressed up against the posterior pharynx and the soft and hard palates) causing the ETT to back out of the trachea and the ETTTip-CA distance to increase 72 .
Dynamic clinical factors: anaesthesia and muscle relaxation
Although measurements of tracheal length have been performed in radiographic studies in conscious patients and with fibreoptic techniques in anaesthetised patients, no study has examined tracheal dimensions in the same patient in both the awake and the anaesthetised and paralysed states. Based on what we know, we think the tracheal length will be significantly shorter in the supine or Trendelenburg position in the anaesthetised and paralysed state compared to the semi-upright position in the awake state in the same patient. We predict that anaesthesia and muscle relaxation will cause relaxation of head extensors (necessary for the sniff position) resulting in some head flexion. We do know that anaesthesia and muscle relaxation will cause a cephalad shift of the endexpiratory position of the diaphragm and that cephalad shifts in the diaphragm are associated with tracheal shortening, probably because relaxation of the diaphragm allows the abdominal contents to push the mediastinal contents cephalad (as occurs with pneumoperitoneum) 35, 63, 73, 74 . Therefore, assumption of the supine or Trendelenburg positions and both relaxation of head extensors and the diaphragm will result in shortening of the trachea and distal migration of an in situ ETT (see Table 3 ).
Discussion: the tracheal accordion and clinical implications
It is clear from the literature that there are a number of static patient factors that increase the risk for extremes in tracheal lengths. Female gender, extremes of age (the very young and the elderly), short stature, postsurgical changes after lung reduction surgery and potentially other coexisting disease are all significant risk factors for shorter tracheal lengths. Male gender, tall stature, children/non-elderly adults, disease states that increase total lung capacity and residual volume, and perhaps other pulmonary diseases are all risk factors for longer tracheal lengths. The anaesthesiologist should be aware of these risk factors and how they affect tracheal length to assist in appropriate placement when positioning an ETT. When multiple risk factors are present or a single risk factor is extreme, special attention should be given to confirming appropriate depth of placement.
The literature is also clear that with dynamic clinical changes that occur under anaesthesia, including steeper degrees of Trendelenburg position, head and neck flexion and extension, pneumoperitoneum, and duration of pneumoperitoneum, the trachea acts as an accordion decreasing and increasing its length ( Table 3 ). The average change in tracheal length and/or the ETTTip-CA distance in all studies examining these factors was found to be greater than or equal to the 3 mm change that we determined to be significant in our review ( Table 2 ). There are other interventions including position change to the prone or lithotomy position and placement of a head pillow, mouth gag, or tongue blade, all of which may affect the position of the ETT within the trachea likely by means of their action on head and neck position and intra-abdominal pressure. The literature is not clear on whether these interventions reliably have a significant effect on either tracheal length or ETTTip-CA distance.
The magnitude of the change in tracheal dimensions in response to these dynamic clinical factors is an important clinical consideration. Excessive proximal or distal ETT positioning may be tolerated in some patients, but in others the consequences can be severe. Although this review does not address the incidence of endobronchial intubation from the interventions investigated, the literature is clear that these interventions reliably result in changes in the ETTTip-CA distance of at least 3 mm and sometimes as much as nearly 3 cm greatly increasing the risk of endobronchial intubation ( Table 2 ). Anaesthesiologists should be aware of the existence and the magnitude of changes in tracheal length and ETTTip-CA distance with the intraoperative interventions presented here in order to anticipate changes in ETT positioning and prevent the associated complications. Finally, anaesthesiologists frequently are required to induce anaesthesia and muscle relaxation in patients who are awake and in the upright position with an appropriately positioned ETT in the intensive care unit. Although there are no studies on the effect of anaesthesia and muscle relaxation on tracheal length or ETTTip-CA distance, based on the evidence we have, we believe the trachea and the ETTTip-CA distance will shorten with the induction of anaesthesia and muscle relaxation. The induction of anaesthesia and muscle relaxation will involve a change in position from upright to supine (or Trendelenburg position) resulting in increased pressure of the abdominal contents against a now more flaccid diaphragm (and more susceptible to the pressure changes of a pneumoperitoneum) and may involve some neck flexion as neck extensor muscles relax or the head and neck are deliberately repositioned. All of these changes will cause the tracheal accordion to shorten (Table  3 ). Thus the incidence of endobronchial intubation may very well be an underappreciated event following the induction of anaesthesia and paralysis in previously appropriately intubated patients.
